This study investigated the local immune response at larval attachment sites in Santa Gertrudis cattle with low and high levels of tick resistance. Skin samples with tick larvae attached were collected from Santa Gertrudis cattle at the end of a period of 25 weekly infestations, when the animals manifested highly divergent tick-resistant phenotypes.
| INTRODUCTION
Cattle tick, Rhipicephalus (Boophilus) microplus, is a species complex which currently includes several geographic clades including R. microplus in the Australasian region.
1,2 Although the Australasian R. microplus clade is now known as the subspecies R. australis, the remainder of this article will refer to it as R. microplus or "cattle tick." R. microplus is an economically important tick for the cattle industry worldwide causing in the vicinity of $US22-30b in losses per annum. 3 In addition to the direct effects of feeding on blood, hypersensitivity reactions and damage to the hide, R. microplus is vector for significant pathogens including Babesia spp and Anaplasma spp. Infestations with this tick have been commonly controlled through frequent application of chemical acaricides and management. 4 Widespread development of acaricide resistance, public concern with worker, environmental and food safety and the increasing costs associated with discovery of new acaricides stimulated interest in alternative methods to control R. microplus, including vaccination. 5, 6 A thorough understanding of the molecular mechanisms underlying the tick-host relationship and the protective immune response mounted by the host will help design effective vaccines against the R. microplus species group.
Bos indicus breeds are less susceptible to infestation with R. microplus than B. taurus breeds and develop a more effective resistance. 7, 8 However, cattle from both species manifest considerable variation in resistance to R. microplus. 8 In Australia, increasing pressure from domestic and overseas consumer markets is driving producers to introduce more B. taurus genetic content into their herds due to the European breeds' superior productivity and meat quality. 9 Composite breed animals such as the Santa Gertrudis (5/8 B. taurus and 3/8 B.
indicus) present an attractive alternative to pure B. indicus cattle in tick-endemic regions of northern Australia due to their blend of good meat quality and reproductive traits, together with the ability to acquire high levels of tick resistance. 8 The resistance to R. microplus is heritable but the mechanisms of resistance in both B. indicus and B. taurus cattle are not well understood despite intensive research. 10 Resistant cattle impair the ability of ticks to attach and feed, resulting in a reduction in the proportion of female ticks that mature, a reduction in the weight of the engorged females and the number and the viability of the eggs laid by female ticks. [11] [12] [13] Resistance to infestation is directed against all tick stages but it is manifested primarily against the larval stage in the first 24 hours of their parasitic life. In both B. indicus and B. taurus cattle with high levels of resistance, up to 90% of the larvae are lost within 24 hour after infestation. 11, 14 The mechanisms of protection and possible explanations for the differences in resistance to tick infestation between B. indicus and B. taurus include variation in the structure and physiology of the skin, 15, 16 the density of arteriovenous anastomoses at the skin surface, 17 histamine concentrations at the larval attachment site, 18 selfgrooming stimulated by and directed to larval stages 12 and histological features of the tongue. 19 However, the immune response plays an important role in protection. 10, 20 In cattle with natural infestations, the contribution to host resistance of circulating IgG and IgM specific to tick antigens (Ag) is debatable 9,21 but there is evidence that the cellular immune response is essential for tick resistance. 10, 20, 22, 23 Resistance in B. taurus cattle was associated with a type I hypersensitivity reaction to larval allergens, and it was correlated with eosinophil concentration and degree of degranulation, mast cell disruption and number of intraepidermal vesicles at the larval attachment site. 20, 23, 24 There are differences in the local immune response mounted against 
| MATERIALS AND METHODS

| Animals
The trial was conducted with the approval of the University of Queensland Animal Ethics Committee for Production and Companion animals (Approval number: SVS/864/06/CRC and SVS/872/07/CRC).
Thirty-five Santa Gertrudis heifers aged 12 months, sourced from a tick-free area of Australia and therefore naïve to R. microplus, were used in these trials. All animals had been vaccinated against Babesia bovis, B. bigemina and Anaplasma marginale, prior to the commencement of the trial, which took place in animal facilities near Brisbane (Pinjarra Hills, latitude 27.5° and longitude 152.9°), Queensland, Australia (the infested animals were kept in separate facilities from uninfested control animals). Thirty cattle were infested weekly for 25 weeks with 10 000 (0.5 g) larvae (see section below "ticks") of R. microplus that were applied to the neck and withers. 9 The infestations occurred in 2 episodes: there were 13 initial, weekly infestations through winter from May to July, and then, after a 1-month break, there were 12 further weekly infestations from September through November. In addition to the artificial infestations, the cattle were exposed to ticks under natural conditions in the tick-infested pastures. Five cattle were not infested with ticks and were kept in areas that were ascertained to be free of ticks and served as tick-free control animals. To prevent infestation of the uninfested, control cattle, the infested and control animals were kept in different locations (6 km apart) but under similar conditions. The level of host resistance to R. microplus was measured by counting the semi-engorged female ticks on day 21 following each larval infestation using the standard method. 8 Six animals that were consistently identified as the most resistant animals during the trial were classified as "Resistant," 6 animals consistently identified as being the least resistant animals during the same time period were classified as "Susceptible," and the rest were classified as "Middle" (18 animals . 9 Because by the end of the study, the count of standard ticks included those arising from natural infestation, our results would be expected to underestimate the mortality of ticks and hence underestimate the host resistance of cattle. This was not considered to be a problem with respect to relative ranking of animals within the trial. Samples from "Susceptible,"
"Resistant" and uninfested animals were used in this study.
| Ticks
The ticks used in this study were R. microplus of the non-resistant field strain (NRFS) 28 that was maintained free of Babesia and Anaplasma organisms at the Queensland Department of Agriculture and Fisheries' Biosecurity Science Laboratories. Larvae were maintained at 28°C and approximately 95% humidity and applied to animals 7-14 days after hatching. Ticks were applied to the cattle in this study by carefully shaking over the dorsum of cattle, while cattle were restrained in a crush.
| Collection and processing of skin samples
Tissue samples with tick larvae attached and feeding in the skin were collected from the perineal area of the cattle within 24 hours after infestation with 10 000 larvae of R. microplus. The cattle were restrained in a crush and given an epidural injection of 5 mL of lignocaine 20 mg/mL (Troy Laboratories Pty. Limited, Sydney, Australia) to desensitize the perineum.
Skin biopsies were collected with 8-mm biopsy punches (Paramount Surgimed Ltd., New Delhi, India) and within 10 min of collection were placed in Tissue-Tek O.C.T. compound (Sakura Finetechnical Co., Tokyo, Japan.) that was frozen in isopentane (Labscan Asia Co., Ltd., Bangkok, Thailand) cooled with liquid nitrogen. Skin samples were similarly collected and processed from the perineum area of uninfested cattle.
| Immunofluorescence labelling of cells
The phenotypes of the cells present in the skin of the cattle were
identified by double immunofluorescence labelling using the antibodies shown in Table 1 . Briefly, 6-μm-thick cryosections were mounted on PolysineTM glass slides (Menzel-GmbH & Co KG, Braunschweig, Germany) and dried overnight at room temperature (RT) with a fan. were further incubated overnight at 4°C in a humidified chamber with monoclonal antibodies (100 μL per section) for specific leucocyte receptors (Table 1) The slides were examined and photographed using an epifluorescent microscope, Olympus BX 51 (Olympus, Tokyo, Japan), equipped with a digital camera (Model DP 70, Olympus, Tokyo, Japan). The images to be published were imported into Microsoft Office Picture Manager and the contrast/brightness adjusted similarly for all.
| Enumeration of the cells
Enumeration of the cells was carried out as previously described. 
| Histological staining of the sections
Cryosections cut and dried overnight as described above were fixed in 10% neutral-buffered formalin (NBF) for 10 minutes at RT, washed 3 times in distilled water and stained by Haematoxylin & Eosin (H&E) and Giemsa.
The eosinophils infiltrating the areas around the tick mouthparts were counted as described above. The epidermis and dermis were assessed for cellular, vascular and structural changes as previously described. 16 Each of 15 parameters (Table 4) was scored on a scale of 0-5 as follows: 0 = within normal limits; 1 = minimal change; 2 = mild change; 3 = moderate change; 4 = severe, focal change; 5 = severe, extensive change.
| Statistical methods
The counts of cell numbers on the skin were analysed using a generalized linear model (McCullagh and Nelder 1989) under a Poisson distribution with the logarithm link function, using GenStat (2016).
The dispersion parameter was estimated and adopted for the residual, because the data tended to be over-dispersed. Protected pairwise testing was used to test differences between the treatment group means. The probability level of .05 (5%) was used for all significance tests.
| RESULTS
| Reactivity of the antibodies with cells from the skin of the cattle
The mAb specific for CD45 antigen (leucocyte common antigen) labelled cells in the skin of only 1 animal among the 6 tick-resistant cattle (17%). However, the same antibody labelled cells in the skin of 3 of the 6 susceptible cattle (50%). The antibody specific for CD45RO antigen (activated cells, memory T cells) reacted with cells from the skin of 2 of the 6 tick-resistant cattle (33%) and with cells of 5 of the 6 susceptible cattle (83%) ( Table 2 ). For the CD45-and CD45RO-specific mAbs combined, the leucocytes of 67% of the susceptible cattle showed antibody reactivity vs. 25% for the resistant cattle. This difference was significant (P = .041). These 2 mAbs were not probed with sections cut from the skin of naïve cattle, and the observations described here included the 2 samples that were later excluded because ticks were assessed as having fed for more than 24 hour. No obvious differences regarding the pattern or intensity of staining among the animals in this trial were observed for any of the other mAbs used in this trial (Table 1) .
| Populations of the various cell types in the skin of resistant, susceptible and uninfested cattle
The cells infiltrating an area around tick attachments were counted in 5 resistant animals and 5 susceptible animals only because in 2 cattle, the skin samples collected contained ticks that were evidently T A B L E 2 Reactivity of the antibodies specific for CD45 and CD45RO epitopes with the skin leucocytes of cattle with different levels of tick resistance Both susceptible and resistant cattle had significantly more T cells (CD3 + receptor) (P < .05) in the skin, at tick attachment sites than were counted in skin biopsies of the control, uninfested cattle. The number of T cells around the tick mouthparts was higher in susceptible cattle than in resistant cattle but the differences were not significant (P < .05) (Figure 1a) . The number of γδ T cells and CD4 + cells in the skin of infested animals (at tick attachment sites) from both groups (susceptible and resistant) of cattle was higher than in the skin of the cattle from the control group. For both γδ T cells and CD4 + cells, the numbers in susceptible animals were significantly higher (P < .05) than naïve animals, in which they were extremely rare (less than 4 cells per field and in 75% of fields zero cells). The number of neutrophils in the skin of susceptible cattle was similar to that in the skin of the resistant cattle (P > .05) (Figure 1f ). The number of eosinophils at tick attachment sites in the skin of infested cattle from both groups (resistant and susceptible) was significantly higher (P < .05) than in the skin of naïve animals. The numbers of eosinophils in the skin of resistant animals were similar to those in the skin of susceptible animals (P < .05) (Figure 1g ). 
MHC class II-expressing cells could not be reliably quanti-
| Type of reaction at tick attachment site
The skin reaction at tick attachment sites varied from none ( Figure 2) to small, empty intra-epidermal vesicles with or without visible infil- Infiltrations with MHCII cells around tick attachment sites or vesicles were seen in most animals from both groups (Figures 3c, 4c and 6c ).
| Degree of inflammatory reaction in the skin
Microscopic comparisons of standard, H&E stained skin biopsies from resistant and susceptible cattle to R. microplus had similar features (Table 4) . Dermal inflammation, primarily consisting of neutrophils,
eosinophils, mast cells and plasma cells, was noted in both groups
and in some animals was extensive and of moderate to marked severity. Intra-epidermal vesicles were noted in both groups, were of 
| DISCUSSION
The mAbs specific for CD45 and CD45 RO antigens reacted with skin leucocytes from a larger number of susceptible cattle than resistant cattle but the differences were not significant for either of the 2 mAbs individually. However, when the reactivity of the 2 mAbs was combined, the differences in the reaction of these mAbs with skin leucocytes from susceptible and resistant cattle were significant (P < .05).
A previous trial using a small number of cattle ( 31 and whether an attachment site is a successful, final attempt or an early, unsuccessful attempt might also influence the cellular infiltrations that we observed at larval attachment sites.
Our sampling method (dependent on a tick being present and attached) precludes the examination of a site where an attempt to feed was unsuccessful, and the tick had moved to try to feed elsewhere.
Development of intra-epidermal vesicles represents a quick (they form within 3-5 hours after larval attachment) and common host reaction at the larval attachment site 10, 20, 25 (Figures 3-6 ) and it was generally associated with development of resistance in both B. indicus and B. taurus cattle as the larvae can no longer anchor and/or feed in the skin of the host and detach ( Figure 9 ). 10, 20 Our limited data show that intraepidermal vesicles do not develop at the attachment sites of ticks that had successfully attached in the skin for longer than 24 hours although huge cellular infiltrations are sometimes present in the skin beneath the attachment (Figure 10 ). Previous research revealed higher incidence of epidermal vesicles in the skin of B. taurus-resistant animals than in the skin of B. taurus-susceptible cattle, 20 which concurs with our data. However, in the previous study, it was found that only eosinophils infiltrated the epidermis and caused the intra-epidermal vesicles. 20 In contrast, we have found that both eosinophils and neutrophils infiltrated the epidermis, and in intra-epidermal vesicles, there was a tendency for eosinophils to be the dominant cell type in the resistant animals and neutrophils in the susceptible animals. but ingested neutrophils seem not to have a damaging effect on ticks as larvae of R. microplus can feed on them without apparently being affected. 25 On the other hand, neutrophil-filled intra-epidermal vesicles that prevented larvae from anchoring in the skin were observed in highly resistant B. indicus cattle. 
34,35
In infestations with R. microplus, the mechanisms of resistance are primarily manifest against larvae within 24 hours after finding a host and commencement of their parasitic phase, 11, 14 which is the reason why larvae were the target of this study. The local immune response mounted at the larval attachment site is important in rejection of this lifecycle stage and tick protection. 10, 20 Generally, high infiltrations with particular leucocyte phenotypes at larval attachment sites were associated with development of an adaptive immune response and likely protection. 10, 20, 25 In the present trial, for all the leucocyte phenotypes investigated, more cells were counted at larval attachment sites in infested animals from both groups of cattle than in the skin of control animals ( Figure 1 ), which is equally consistent with the development of an adaptive immune response and a pathological, In the current trial, only the eosinophils were found in higher numbers at larval attachment sites in resistant cattle but the differences between resistant and susceptible cattle were not significant. In a previous trial, eosinophils infiltrated the larval attachment sites earliest after larvae successfully attached to the skin of the host and they were more numerous in B. taurus than in B. indicus cattle and in follow-up infestations compared with primary infestations. 27 Furthermore, in B. taurus cattle, the level of resistance to tick infestation correlated with eosinophil concentration and degranulation at larval attachment sites. 20, 23 In our trial, the number of eosinophils at larval attachment sites tended to be higher in resistant animals than in susceptible animals but it was not sig- can also modulate the expression of adhesion molecules (ICAM-1, VCAM-1, P-selectin and E-selectin) at adult tick attachment site but the effect at larval attachment site was not described. 42 The immunosuppressive effects of saliva of R. microplus on certain components of the immune response are more intense in susceptible breeds of cattle than in resistant ones. 42 The susceptible cattle in the present trial concentrated more leucocytes at the larval attachment site than the resistant cattle, and 2 of them had huge infiltrations with neutrophils that formed continuous bands in the skin. This suggests that recruitment of leucocytes to the larval attachment site is not impaired in susceptible cattle any more than in the resistant cattle. This con- 
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